We explore the opto-thermoelectric trapping at plasmonic antennas that serve as optothermal nano-radiators to achieve the low-power and deterministic manipulation of nanoparticles.
Introduction
Plasmonic tweezers has proven an efficient tool for manipulation of small objects taking advantage of the light confinement and the enhanced optical gradient force in the vicinity of the plasmonic hot spots [1] . However, the coherent oscillation of surface electrons also leads to Joule heat upon excitation of surface plasmons, which gives rise to unwished temperature increment of the plasmonic antennas and reduce the trapping stability [2] . However, the heat can also be turned into advantage in optical trapping. Taking plasmonic nanoantenna as a heating source, we demonstrate opto-thermoelectric trapping of nano-objects on single plasmonic antennas at a low power (~0.08mW/μm 2 ), with an improved trapping stiffness over traditional plasmonic tweezer. Specifically, we show that the polarization control of anisotropic nanoantenna can optically tune the temperature field for dynamic manipulation of nano-objects between adjacent anisotropic traps. Opto-thermoelectric trapping of single and multiple quantum dots was also achieved. The low operation power, precise control, and optical tunability of trapping sites in the opto-thermoelectric trapping will provide new opportunities in light-matter interaction at single-particle resolution.
Results and discussion
By exploiting thermoelectric field caused by the spatial ions separation due to the temperature gradient [3] , we have achieved the low-power opto-thermoelectric trapping of various colloidal nanoparticles, including Au nanospheres and Ag nanospheres on Au nanorods (AuNRs) (Fig. 1a) . The trapping stiffness of 200 nm PS sphere can reach ∼22 pN/μm at an optical power density of 1.2 mW/μm 2 ( Fig. 1b) . We further exploited the polarization-dependent trapping behaviors, in combination with rationally designed arrays of thermally coupled nanoantennas, to achieve directed transport of nanoparticles within the diffraction limit by simply controlling the light polarization. Fig. 1c and Fig. 1d show the shuttling of the nanoparticle between the two AuNRs and circular transport of nanoparticles in three AuNRs, respectively. Then we optimized the light-generated temperature field by replacing the continuous-wave (CW) laser with a femtosecond laser. Fig. 2a and Fig. 2b show the simulated temperature profiles of a single AuNR irradiated with CW and femtosecond laser beams. The femtosecond laser heating reduces the heat transfer from the AuNR to surrounding water and thus enhances the thermal confinement at the AuNR. We further compared the opto-thermoelectric trapping of a single PS particle on a single AuNR by femtosecond laser heating with that by CW laser heating. As shown in Fig. 2c and Fig. 2d , the femtosecond laser heating led to the narrower spatial distribution of the trapped particle with a 5-fold enhancement of the trapping stiffness without sacrificing the initial trapping range. With the improved trapping stability using femtosecond laser heating, we have achieved the opto-thermoelectric trapping and in situ characterization of CdSe/ CdS core/shell quantum dots on single AuNR antennas at low power (Fig. 2e) . The AuNRs act as a plasmonic cavity to tune optical responses of the nearby QDs via the plasmon−exciton coupling (Fig. 2f) .
Conclusion
We exploit light-generated temperature gradient to achieve the opto-thermoelectric trapping of varied nanoobjects at single metal nanoantenna or nanoradiators. We have further achieved directed transport of the nanoparticles by simply controlling light polarization. An improved control of heat transfer using femtosecond laser heating further enhances the trapping stability, which enables the precise manipulation of single CdSe/CdS core−shell QDs at the nanoantenna with tunable plasmon−exciton interaction. With multiple degrees of freedom in terms of low operation power, dynamic transport, and tunable light−matter interaction, the opto-thermoelectric manipulation using designed nanoheaters will find applications in nanofabrication, sensing, and nano-biophotonics.
